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Study region: Small watersheds (O[25 km2]) in the mountain regions of southern
California comprise the study region.
Study  focus: This paper examines changes in ﬂash ﬂood occurrence in southern
California resulting from projected climatic change. The methodology synthe-
sizes  elements of meteorological modeling, hydrology and geomorphology into
an  integrated modeling approach to deﬁne ﬂash ﬂood occurrence in a systematic
and consistent way on a regional basis with high spatial and temporal resolution
appropriate  for ﬂash ﬂooding. A single climate model with three-dimensional
atmospheric detail was used as input to drive simulations for historical and future
periods.
New  hydrological insights for the region: Results indicate an increase in ﬂash
ﬂood  occurrence for the study region. For two distributed hydrologic models
employed, the increase in ﬂash ﬂood occurrence frequency is on average between
30%  and 40%. Regional ﬂash ﬂood occurrence is characterized by near saturation
of  the upper soil layer, and wider ranges in lower soil layer saturation and in
precipitation. Overall, a decrease in the total number of precipitation events was
found,  although with increased precipitation intensity, increased event dura-
tion,  and higher soil saturation conditions for the 21st century. This combination
could  signify more hazardous conditions, with fewer precipitation events but
higher  rainfall intensity and over soils with higher initial soil moisture saturation,
leading to more frequent occurrence of ﬂash ﬂoods.
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1. Introduction
Flash ﬂoods are among the world’s most destructive natural hazards. Flash ﬂoods account for
more than 5000 deaths annually on a global basis, with a mortality rate (deﬁned as the number of
deaths/number of persons affected) more than 4 times greater than other types of ﬂooding (Jonkman,
2005). In the United States, 80% of all ﬂood-related deaths are attributed to ﬂash ﬂoods (NWS, 2014).
In addition, ﬂash ﬂoods also account for 50% of the ﬂood-related damage to property, infrastructure,
and industry according to the U.S. statistics (NWS, 2014). The deadly nature of ﬂash ﬂoods may  be
largely attributed to the characteristics of ﬂash ﬂoods: events occurring on small spatial scales with
short time scales under conditions with rapid production of surface runoff (e.g., intense precipitation
or precipitation over highly saturated soils in mountainous terrain; Georgakakos and Hudlow, 1984).
The American Meteorological Society (AMS, 2000a) deﬁnes ﬂash ﬂooding events as ﬂood events which
rise and fall rapidly with little or no advanced warning, usually as the result of intense rainfall over a
relatively small area. This situation of little advance warning has led to the recognition of the signiﬁcant
risk associated with ﬂash ﬂood occurrence and the need for improvement in ﬂash ﬂood forecasting
capabilities (e.g., AMS, 2000b; Collier, 2007; NRC, 2005; Montz and Gruntfest, 2002; Georgakakos,
1986).
There has been relatively little research on regional ﬂash ﬂood occurrence in a climatological sense.
Flash ﬂood occurrence is often simply associated with “heavy precipitation”, although it has been
acknowledged that the occurrence is not driven by heavy precipitation alone. Hoyt and Langbein
(1939) noted meteorological, climatic and physiographic inﬂuences on ﬂood occurrence including
precipitation intensity, topography and soils characteristics (see also Georgakakos, 1986; O’Connor
and Costa, 2004). Supporting the signiﬁcance of these factors, Brooks and Stensrud (2000) compared
the climatology of heavy precipitation with ﬂash ﬂood occurrence in the United States and concluded
that ﬂash ﬂoods occurred 17 times less frequently than heavy precipitation. Regional studies on ﬂash
ﬂood climatology are limited due to a lack of historical records of ﬂash ﬂood occurrence with sufﬁcient
detail. For example, historical records from local weather forecasting ofﬁces may  indicate that a ﬂash
ﬂood was reported “in the southeast portion of the county”, rather than the speciﬁc stream location.
Reports may  only be noted when people are affected and emergency response was  required. Historical
databases of both precipitation and streamﬂow with the high spatial and temporal resolution relevant
for ﬂash ﬂood events over a large region also limit such past studies. Flash ﬂoods occur on spatial
scales of a few 10s to 100s of km2, and having long term records of commensurate precipitation
and streamﬂow over a region (not a single basin) from which regional ﬂash ﬂood climatology may
be examined are rare. Such observations can be particularly sparse in mountainous regions where
the terrain can make accessibility to higher elevations difﬁcult. Documentation of ﬂash ﬂood event
records is now improving with recent efforts to compile historical reports and relevant data for severe
hydrometeorological hazards such as ﬂash ﬂoods (Ortega et al., 2009; Gourley et al., 2013). Such
records can contribute toward better understanding of ﬂash ﬂoods as extreme hydrometeorological
events. However, to examine climate-scale variability and change of ﬂash ﬂood occurrence over several
decades, modeling efforts remain the only approach feasible at this time. Improved understanding
of such hydrologic response to climate variability and change is an important and needed advance
(National Research Council, 1999, 2001, 2004).
Based on research compiled by the Intergovernmental Panel on Climate Change (IPCC), an antic-
ipated impact of anthropogenic climate change is regional variation in precipitation magnitude and
variability of precipitation extremes, and implied changes in the occurrence of ﬂooding toward an
increased risk of extreme events (IPCC, 2007; Kharin et al., 2007; Easterling et al., 2000a). Changes in
precipitation and temperature have already been observed and attributed to anthropogenic inﬂuence
(e.g., Karl et al., 1996, 2009; Easterling et al., 2000b; Barnett et al., 2008). In California, evidence of
changing climate and of the impacts of anticipated climate change has been documented (e.g., Cayan
et al., 2008a; Vicuna and Dracup, 2007). Major impacts are changes in temperature, snowfall and
snowmelt timing, and sea level rise (e.g., Knowles et al., 2006; Dettinger and Cayan, 1995; Stewart
et al., 2004; Cayan et al., 2008b). The impacts on water resources in the Western U.S. and for Cali-
fornia may  be substantial (Barnett et al., 2004; Maurer and Duffy, 2005; Vicuna et al., 2007). Reports
or studies of the impacts of climate change in southern California are less available in the literature.
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Cayan (2009) highlights the major impacts of climate change for southern California, focusing on both
historical and future changes in temperature, precipitation, and sea level rise. He also provides impact
examples such as potential increases in wildﬁres and electricity demand.
Several studies have examined changes in larger scale (>1000 km2) ﬂooding events under climate
change (e.g., Booij, 2005; Milly et al., 2002; Dankers et al., 2014), and the local scale impacts of sea
level rise on coastal ﬂooding (e.g., Nicholls, 2004; Nicholls et al., 2008). Other studies have exam-
ined changes in atmospheric conditions related to the increased ﬂood risk to infer impacts of climate
change scenarios on ﬂood risk. Hamlet and Lettenmaier (2007) studied 20th century changes in cli-
matic indices including the Paciﬁc Decadal Oscillation (PDO) and El Nino Southern Oscillation (ENSO)
and associated increases in ﬂood risk in the western U.S. Dettinger (2011) examined future climate
change projections in terms of atmospheric mechanisms associated with ﬂooding in California, i.e., the
“atmospheric river” phenomenon, and concluded that storms associated with the warm-wet atmo-
spheric river conditions may  increase in the future and thus there would be an increased ﬂood risk
compared to the historical record.
Few studies have explored the potential climatic change impacts on small scale ﬂooding events.
This may  be the result of the historically limited availability of high spatial and temporal resolution
precipitation output from climate change models (typically climate model precipitation estimates
have daily or monthly values at spatial scales of 100s of km). Higher resolution precipitation estimates
for smaller scale hydrologic impacts have required probabilistic or dynamic downscaling methods to
estimate precipitation at sub-daily time scales or spatial resolution of a few 10s of km (e.g., Wilby
et al., 1998; Nicholas and Battisti, 2012; Chen et al., 2011). Recently, Walker et al. (2011) examined
potential climate change impacts on the 1.5-year return period ﬂow for several watersheds of various
sizes (from 27 to 9300 km2) across the U.S. Their study used a probabilistic downscaling approach for
the climate model output. The results for 14 watersheds studied indicated 64% showing a clear trend,
but with both increases and decreases in the 1.5-year return period ﬂows depending on region within
the U.S.
The question asked in this research is whether the larger scale climate model simulations, when
brought to appropriate scales using dynamic downscaling methods, can provide useful information
on small-scale ﬂash ﬂooding in a region inﬂuenced by orographic precipitation. The overarching moti-
vation was to develop a methodology that could examine the spatial character and variability of ﬂash
ﬂood occurrence, over a large region (order of 10,000 km2) but with high spatial detail (order of a few
10s of km2). The methodology synthesizes principles and practices from the ﬁelds of meteorological
modeling and hydro-geomorphology.
This paper presents the integrated modeling approach applied in southern California to examine
changes in ﬂash ﬂood occurrence under a particular future climate change scenario for moderate
emissions (IPCC A1B scenario). The following section brieﬂy describes the study region of southern
California. Section 3 describes the integrated modeling methodology and its application to the south-
ern California region. Section 4 presents a comparison of the CCSM3 climate model output with that
of other climate models for the study region. The changes in the frequency of ﬂash ﬂood occurrence
under projected climate change for small mountainous southern California basins are discussed in
Section 5, while causal mechanisms for this change are explored in Section 6. The ﬁnal section of the
paper presents conclusions and potential future extensions of this work.
2. Study region
The study region is in southern California, from Santa Barbara to the U.S.–Mexico border and it is
focused on the mountain-to-foothill watersheds draining to the coast of the Southern California Bight
(Fig. 1). This region was chosen given the conﬂuence of three driving factors for ﬂash ﬂood occurrence
within the region: climatology, geomorphology, and hydrology. The region receives the vast majority
of its annual rainfall from winter season storms driven by large scale systems bringing moist Paciﬁc
air masses onto the southern California mountain ranges. The mountain ranges, in close proximity to
the coast, are characterized by steep slopes and shallow soils which yield quick hydrologic response
from such winter storms.
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Fig. 1. The southern California study region and small scale watersheds. The larger circle symbol off the coast of San Diego
represents the location of the main CCSM3 input grid node.
Small watersheds in the region were deﬁned using digital elevation model data from the National
Elevation Dataset (NED; Gesch, 2007; Gesch et al., 2002) and watershed processing using the geo-
graphic information system (GIS) GRASS (Neteler et al., 2012). The GIS processing determines stream
topology, starting with a minimum contributing area to deﬁne a stream, and deﬁnes the watersheds
based on the contributing drainage to each stream segment. A total of 975 watersheds were deﬁned
with an average local catchment area of 26 km2 (and with a standard deviation of 21 km2). The total
contributing drainage area for these watersheds ranged from 13 to 4000 km2. It is noted that southern
California is home to several large metropolitan areas with altered and channelized drainage networks
(greater Los Angeles, Riverside/San Bernardino, and San Diego). These urban areas were identiﬁed and
watersheds contained within these were eliminated to focus on the natural drainage areas of the
mountain-to-foothill basins. It is acknowledged that a few of the basins deﬁned may  still be affected
by man-made modiﬁcations, thus for these basins the results should be interpreted in the context of
unimpaired ﬂash ﬂood ﬂow occurrences.
3. Integrated modeling approach
An integrated modeling approach is necessitated by the interest in spatial variability at scales of
a few 10s of km2 coupled with the lack of records of ﬂash ﬂood occurrence with spatial detail and
the relatively sparse network of precipitation and streamﬂow observations, particularly in moun-
tainous regions. Modrick and Georgakakos (2012) examine the historical observations within the
southern California region, noting the lack of observations in high elevations, and also apply the inte-
grated modeling over a 55-year historical period. For the present paper, the modeling approach affords
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the capability to examine potential changes in ﬂash ﬂood occurrence under climatic change through
simulation. The modeling approach consists of three primary components:
(A) Estimation of historical and future precipitation in the mountainous region with high spatial and
temporal resolution through dynamical downscaling of climate model output using a simpliﬁed
orographic precipitation model (hourly estimates of precipitation with a spatial resolution of a
few km).
(B) Development of a threshold index of the surface hydrologic response to rainfall that may yield
bankfull discharge at the outlet of small watershed deﬁned through hydro-geomorphologic prin-
ciples.
(C) Distributed hydrologic modeling of the land surface response and soil moisture at high resolution
commensurate with the small watersheds for the estimation of soil water deﬁcits and surface
runoff.
The approach is based on the operational forecasting concept of Flash Flood Guidance (FFG; e.g.,
Mogil et al., 1978; Georgakakos, 2006; Norbiato et al., 2009; Clark et al., 2014). FFG is deﬁned for a
particular watershed as the amount of precipitation of a given duration falling over the watershed
that will produce runoff sufﬁcient to cause bankfull conditions in the stream at the outlet of the
watershed. The “bankfull condition” is a physically meaningful and geomorphologically signiﬁcant
level for a channel which may  be indicative of the initiation of minor ﬂooding as streamﬂow transitions
from the main channel to the ﬂood plain (Modrick and Georgakakos, 2014). FFG is derived from the
characteristic surface runoff response threshold of a given watershed determined in Step (B) and the
soil moisture deﬁcit within the watershed at a given time as estimated in Step (C). When precipitation
of a given duration over a watershed exceeds the current FFG value of that duration for the watershed,
the response of watershed is likely to exceed bankfull discharge and is thus an indication of potential
ﬂooding. Within this FFG framework, the emphasis on ﬂash ﬂood occurrence is achieved through the
focus on small spatial scales and short time durations.
3.1. Simpliﬁed orographic precipitation model
A simpliﬁed three-dimensional orographic precipitation model (SIMOROP) was applied to estimate
topographically forced precipitation for the mountainous and foothill region of southern California.
The model’s simpliﬁcation comes through a decoupling of the momentum from the energy and mois-
ture conservation equations in the atmosphere. For each time step, the decoupling affords an analytical
solution of potential theory wind ﬂow over the complex terrain under steady forcing to estimate equi-
librium three-dimensional air velocities. The velocities then provide input to a three-dimensional
moisture conservation model with bulk microphysics to produce estimates of precipitation rates
(Georgakakos, 2002; Georgakakos et al., 1999, 2012). The SIMOROP model requires input describing
the terrain variation derived from digital elevation data, and the atmospheric boundary conditions
including three-dimensional atmospheric input of temperature, pressure, and humidity at various
atmospheric levels and the upstream free-stream wind (upstream wind direction and magnitude that
inﬂuences conditions in the orographic terrain of interest). The atmospheric boundary conditions may
be derived from atmospheric sounding (radiosonde) data for a given location, reanalysis data, or large
scale atmospheric models. Georgakakos et al. (2012) provide a detailed description of the SIMOROP
model.
The SIMOROP model has been employed in operational forecasting for the Panama Canal and in
Northern California (Georgakakos, 2002; Georgakakos et al., 1999, 2014). The model is computation-
ally efﬁcient and allows for relatively short computational time for long simulation periods when
compared to full mesoscale numerical prediction models such as the Weather Research Forecasting
model (WRF; Skamarock et al., 2008) or the Regional Spectral Model (RSM; Juang and Kanamitsu,
1994). Modrick and Georgakakos (2012) discuss the development of the southern California SIMOROP
model, a 55-year historical wet season (October–April) simulation, and comparison with observations
and other numerical model regional downscaling results for the historical period 1950–2005. The
SIMOROP precipitation simulation was compared to observations and another numerical simulation
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on regional and small watershed scales. The SIMOROP captured the wet-season climatology of
southern California precipitation. For a set of 8 small watersheds (50–400 km2) with adequately
dense gauge coverage, mean areal precipitation (MAP) values were computed based on a gridded
interpolation of gauges and from the gridded estimates of the SIMOROP model. The precipitation esti-
mates from SIMOROP model tended to be lower than the grid-based observations in lower elevations
(20–70% lower), and higher than the grid based observations for watersheds in high elevations (5–60%
higher). This is similar to comparisons for other full mesoscale models (e.g., Wang and Georgakakos,
2005). The correlation between the SIMOROP and grid-based observations ranged from 0.3 to 0.5 for
hourly simulations, and from 0.5 to 0.75 when the precipitation was accumulated on a daily basis.
For the current study, the SIMOROP model for southern California was used to downscale climate
model output under a given climate change scenario from the CCSM3 model (Collins et al., 2006). The
CCSM3 model was selected as it provided the necessary three-dimensional atmospheric state variables
(pressure, temperature, humidity) with 6-h temporal resolution. At the time of implementation, it was
the only climate model which provided this three-dimensional output. The spatial resolution of the
CCSM3 model is 1.4 degrees. For this application, the steering wind was taken as the 700 hPa wind,
and the atmospheric boundary conditions taken from one of two CCSM3 grid nodes as representative
“upstream” conditions based on that steering wind. The primary CCSM3 node selected was  to the
southwest of the application domain, just off the coast of San Diego in the Paciﬁc Ocean (indicated in
Fig. 1). For periods when the steering wind was from the northeast or east (e.g., for the generally drier
conditions of the Mojave Desert region), the CCSM3 node from the north east of the domain was used
to deﬁne the atmospheric conditions. The atmospheric boundary conditions from the CCSM3 model
were assumed constant for each 6-h period, and the steady state three-dimensional wind solution
from the SIMOROP model drove the moisture advection and microphysics computations over the
southern California domain. The terrain description also used the National Elevation Data. For the
southern California implementation, the SIMOROP model domain covered the region from −115◦ to
−121.5◦ longitude and 31.7–35.3◦ latitude, with a 1 km grid and using a 3-km terrain smoothing. The
computational interval of the advection and microphysics calculations is on the order of seconds, with
the output of surface precipitation accumulated for each hour and for each 1-km grid. Topographic
forcing (orographic uplift) is required to initiate precipitation generation. As such, the precipitation
output of the SIMOROP model for southern California was  limited to the mountainous and foothill
regions with signiﬁcant slopes.
3.2. Surface runoff response threshold
The surface runoff response threshold developed for southern California is based on the threshold
runoff theory (Carpenter et al., 1999). It is deﬁned as the amount of runoff resulting from an effective
rainfall of a given duration and uniformly applied over a watershed which is necessary to cause bankfull
ﬂow at the watershed outlet at the peak of the watershed response. Under stable geomorphologic, land
surface, land use, and climatic conditions, this surface runoff response threshold is a time-invariant
characteristic of the watershed which may  be computed based on hydro-geomorphologic principles
by relating the unit response of a watershed to the ﬂow at the watershed outlet associated with bank-
full conditions. The catchment response is deﬁned using the geomorphologic unit hydrograph theory
and bankfull ﬂow estimated using Manning’s steady, uniform ﬂow formula. This formulation assumes
linear response of catchments to rainfall excess (unit hydrograph theory applies). The solution is
obtained numerically from a non-linear expression that involves catchment characteristics (drainage
area, stream length, slope, Horton length ratio) and channel cross-sectional characteristics (channel
width and hydraulic depth at bankfull conditions). Measurements of bankfull cross-sectional dimen-
sions are generally not available for a large number of watersheds (in this case, for each of the 975
sub-catchments deﬁned), and regional hydraulic geometry relationships may  be used or developed
to estimate the necessary cross-sectional properties. Modrick and Georgakakos (2014) developed the
regional hydraulic geometry relationships for southern California based on several channel survey
datasets. The authors also developed the surface runoff response threshold (termed surface response
index, SRI, in that paper) for the 975 sub-catchments deﬁned for southern California. The surface
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runoff response threshold estimates for watersheds delineated in southern California ranged from 2.0
to 5.5 mm/3  h.
3.3. Distributed hydrologic modeling
The land surface plays an important role in modulating the amount of precipitation required to
produce ﬂash ﬂooding through the impact of antecedent soil moisture conditions on the generation
of runoff. By accounting for the degree of soil saturation as well as losses for evapotranspiration, dis-
tributed hydrologic modeling is utilized to deﬁne the relationship between the surface runoff response
threshold (effective precipitation) and the ﬂash ﬂood guidance (actual rainfall of a given duration nec-
essary to produce bankfull ﬂow at the watershed outlet). Thus the third component in the integrated
modeling approach is distributed hydrologic modeling for the 975 subcatchments to estimate the
continuous-time soil moisture and to account for precipitation losses. Two similar conceptual models
were employed: (a) a time continuous version of the Sacramento Soil Moisture Accounting model
(SAC-SMA) based on Georgakakos (2006); and (b) a physical process-based conceptual model of soil
moisture for ﬂash ﬂooding (FFSM, Modrick and Georgakakos, 2012).
The hydrologic models simulate depth integrated water volume in each of several soil layers for
each watershed. For the southern California application, both models represent the soil column with
two vertical layers (shallow upper layer and deeper lower layer). Different conceptual soil water
storage reservoirs allow for the representation a variety of temporal response (both fast and slow
response). The models describe the soil water storage within each reservoir, ﬂuxes from these reser-
voirs, percolation to the lower layer, and losses to deeper groundwater. Each model requires estimation
of a set of parameters. The SAC-SMA model has been used widely by the U.S. National Weather Ser-
vice (NWS) in operational river ﬂow forecasting in a lumped approach and more recently in a fully
distributed approach (Koren et al., 2004). Estimation of the SAC-SMA parameters were taken from a
gridded database for obtained from the NWS  following Anderson et al. (2006; see also Koren et al.,
2000). The parameterization of FFSM relates the model parameters directly to soils properties of
depth, porosity, ﬁeld capacity, wilting point and hydraulic conductivity for the dominant soil texture
identiﬁed for each sub-catchment. Typically, model parameters may  be calibrated using historical
records of observed precipitation and streamﬂow. However, given the wide application area and lim-
ited high quality datasets of streamﬂow and corresponding precipitation, the approach followed in
this application was to utilize the “a priori” parameter estimates with only regional adjustment of
select parameters to reduce large bias. For a set of 5 basins with hourly streamﬂow observations, the
resulting bias using this approach was less than 10%, with correlation between the hourly observed and
simulated ﬂows of 0.5–0.9. Further details of the formulation and application for southern California
are provided in Modrick and Georgakakos (2012).
Input to distributed hydrologic models is watershed averaged precipitation and evapotranspiration
demand (as a climatological monthly estimate). The models produce estimates of soil water content,
total runoff from the watershed, and actual evaporation. The models are run in continuous time,
accounting for changes in these estimates on an hourly basis. In the ﬂash ﬂood guidance approach, we
are not concerned with the production of streamﬂow hydrographs at each watershed outlet, but rather
on the indication that precipitation of a given duration is sufﬁcient to produce runoff that would result
in bankfull ﬂow at the outlet. Changes in soil moisture, or more speciﬁcally soil saturation deﬁcit, and
evapotranspiration are used to relate the surface runoff response threshold to ﬂash ﬂood guidance for
each watershed, at each time step. Evapotranspiration demand (potential evapotranspiration adjusted
for the watershed plant cover) is computed by the model, but contributes relatively little during the
short-duration high-precipitation ﬂash ﬂood events.
3.4. Deﬁnition of ﬂash ﬂood occurrence, events, and frequency
The ﬁnal step in the integrated methodology is to deﬁne the occurrence of ﬂash ﬂood events in this
simulation framework. Flash ﬂood occurrence (FFO) is deﬁned for each watershed when the estimated
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precipitation (PRC) of a given duration over the watershed exceeds the corresponding ﬂash ﬂood
guidance (FFG) of the same duration at each time step (or consecutive time steps):
FFOti = 1 if PRCdur,ti > FFGdur,ti
= 0 if PRCdur,ti ≤ FFGdur,ti
(1)
where ti represents the given time step and dur represents the duration of rainfall. In the application,
we considered the 3-h rainfall duration. This duration was  selected as representative of the time of
response for the southern California watersheds (the unit hydrograph time to peak was  determined
as being greater than 3 h for 98% of the basins). The selection was a compromise to accommodate the
desired fast response of basins and the ﬁxed 6-h interval of climate model forcing. For the very few,
very fast responding basins, ﬂash ﬂoods may  result from rainfall of shorter duration and this duration
would also need to be considered to quantify the absolute magnitude of occurrence. However, we
employed a single duration to provide a consistent comparison between the simulated historical and
future periods and to provide indications of relative changes in frequency.
A minimum inter-arrival time of 12 h was imposed to deﬁne independent ﬂash ﬂood events. If the
time interval between two periods with FFO = 1 was  less than 12 h, the two  periods were considered
as one event and the duration of the ﬂash ﬂood event was  computed as the total time with FFO = 1.
The ﬂash ﬂood occurrence frequency for each watershed was simply deﬁned as the total number of
independent ﬂash ﬂood events over the simulation period divided by the number of years.
4. Comparison of CCSM3 with other climate models
The CCSM model was  used to provide input forcing to drive the integrated methodology because
it affords high temporal resolution (6-hourly) and three-dimensional detail in atmospheric variables.
Recent analysis (Georgakakos et al., 2012) showed that the CCSM3 model reproduces well the large-
scale historical climate in terms of 500 hPa geopotential height and surface precipitation along the
West Coast of the United States as compared to the NCEP-NCAR reanalysis. Pierce et al. (2011) also
examined climate change impacts on daily precipitation and temperature characteristics for all of
California and for a set of 16 climate models, using both statistical and dynamic downscaling methods.
Their results indicate greater consistency in the changes in temperature than precipitation across
models and downscaling methods, and generally stronger signals for both temperature and winter
season precipitation in northern California than southern California. No speciﬁc studies for southern
California have been reported. Therefore, it is useful for this study to examine how the CCSM model
compares with other climate models for the Southern California region in particular.
Maurer et al. (2007) has made available climate model output for a variety of climate models. The
monthly surface data (surface precipitation and temperature) was extracted from this dataset for the
CMIP3 datasets. CMIP3 includes the CCSM3 model and the A1B climate change scenario used for the
current study, along with the output of 13 additional climate models. Regridded data was used, which
interpolates the raw climate model output for each of their respective grid deﬁnitions to a common
2◦ grid. This analysis does not utilize the bias-corrected model output (which adjusts all the models
toward historical observations), but rather the raw climate model simulations. All grid nodes of the
regridded set over the southern California domain were considered (33◦ and 35◦ N, 115◦ to 121◦ W).
Within this paper, we focus on the grid node (after re-gridding) which is to the southwest of the
domain (at 33◦ N, 119◦ W).  This node corresponds to the upstream CCSM3 node over the ocean used
to force the SIMOROP model. A second node (at 35◦ N, 117◦ W)  is also considered as it corresponds to
the upstream CCSM3 node over the land when forcing wind was from the east (more arid input). It is
noted however that the other nodes followed consistent patterns highlighted below with respect to
comparison of CCSM3 to the other climate models.
The annual climatologies of monthly precipitation and monthly average temperature were com-
puted for each climate model and for two periods corresponding to the late 20th and 21st centuries
(1970–1999 and 2070–2099). Fig. 2 shows the average precipitation and temperature climatologies.
In each plot, the lines represent the different climate models with the CCSM3 model highlighted by
the thicker black lines. The models show the same annual cycle in average temperature and, for most,
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Fig. 2. Average (a) precipitation and (b) temperature climatology for the CCSM3 model (thick lines) and other CMIP3 climate
models (thin lines) for the 20th (solid lines) and 21st (dashed lines) centuries for a selected grid node.
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Fig. 3. Comparison of late 20th and 21st century mean precipitation and temperature for 2 grid nodes over the southern
California domain for several climate models (black symbols). The CCSM3 model values are highlighted by the larger open
symbol. The locations of the grid points are shown by their latitude/longitude coordinates.
in precipitation with variation in the amplitude of the annual cycles. One model poorly represents the
annual precipitation climatology with a large peak occurring in October, rather than in February as is
observed. For the CCSM3 model, the changes in the late 21st century include an increase in average
temperature of approximately 2 ◦C and a reduction in precipitation of <0.5 mm/day for the wet  season
(October–April). The plots also show that the CCSM3 model climatologies fall well within the ranges
of the other climate models.
The mean late-century precipitation and temperature for the 20th and 21st centuries (average
value over the respective 30-year periods) were also computed for each climate model. These values
are shown in Fig. 3 for two grid nodes corresponding to the two  upstream input nodes for the CCSM3
downscaling (the one to the southwest of the study region over the Paciﬁc Ocean and the one to the
east over the more arid region). These plots show the 21st century value versus with 20th century
average with the dashed line indicating equality. The CCSM3 model values are highlighted by the
open circle. Again, the CCSM3 model falls within the cloud of points for all models, with the mean
temperature of the CCSM3 in the upper half of all the models for both grid nodes.
The analysis was repeated for the more recent CMIP5 model results, using the RP45 (radiative
forcing at 4.5 W/m2) scenario for the 21st century. The CMIP5 intercomparison includes additional
climate models over those in the CMIP3 project. Data from a total of 34 climate models were extracted
for this analysis (representing those models which included the RP45 scenario for ensemble 1). Again,
the objective was to indicate how the CCSM model output compared with other models for the region
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of interest. It is noted that the CCSM4 model (a somewhat enhanced version of the CCSM3) is included
in CMIP5. For the CMIP5 dataset, the raw climate model output is regridded onto a common 1◦ grid, and
a total of 20 grid nodes were extracted over the southern California region. The comparison indicates
that the CCSM4 model average precipitation and temperature tends to fall well within the range of
the other 33 climate models. For the eastern nodes, the CCSM4 average temperature was among the
higher values, but not the most extreme. Similar to Fig. 3, the late century average precipitation and
temperature comparison is presented in Fig. 4 for the grid node off the southern California coast (at
33.5◦ N, 118.5◦ W)  for the CMIP5 climate models. There is a wider range of average precipitation than
shown for the climate models included in CMIP3, but the CCSM4 model results fall toward the middle
of the other climate models for this node.
This comparison shows that the CCSM3 model representation of 21st century changes in precipita-
tion and temperature for southern California is not among the most extreme of the climate models. The
subsequent analysis downscales the three-dimensional atmospheric conditions of the CCSM3 model
rather than using the climate model precipitation (and temperature) directly. We  hold that this com-
parison suggests that the analysis and results regarding changes in ﬂash ﬂood occurrence would be
indicative of general potential changes for any of the “middle of the road” climate models.
5. Projected changes in ﬂash ﬂood occurrence frequency for the 21st century
Changes in the occurrence of ﬂash ﬂooding under projected climate change were assessed by apply-
ing the modeling approach over two  periods using the CCSM3 model output as forcing to the SIMOROP
precipitation model. The ﬁrst period covered the 30 years of 1970–1999 based on the historical/control
climate scenario. The second 30-year period was at the end of the 21st century (2070–2099) based on
the A1B moderate emissions scenario. Fig. 5 presents the frequency distributions of the CCSM3 input
variables of wind (at 700 hPa), surface temperature (922 hPa), and low level humidity (1000–850 hPa)
for the offshore CCSM3 grid node (at 33◦ N, 119◦ W)  for the two periods. Small differences are seen
in the magnitude of the 700 hPa wind, with a small increase in wind direction with more frequent
westerly wind ﬂow (i.e., near 270◦ wind direction). However, a shift is observed toward warm surface
temperature and higher low level humidity in the 21st century distributions (the humidity increase
follows temperature increase as expected from Clausius–Clapeyron relationship between saturation
vapor pressure and temperature).
For the ﬂash ﬂood occurrence simulations, we focus on the wet season (October–April) only. For
each period, the SIMOROP model produced hourly precipitation estimates over a 1-km grid of southern
California. The gridded precipitation ﬁelds were used to compute watershed mean areal precipitation
which served as input to the two distributed hydrologic models to produce estimates of soil moisture
conditions at each time step. From the soil moisture estimates and surface runoff response thresholds
for each watershed, the 3-h FFG value was determined at each time step and compared to the 3-
h accumulated precipitation to assess ﬂash ﬂood occurrence. The number of ﬂash ﬂood events was
counted for each period (20th and 21st century) to arrive at the wet  season ﬂash ﬂood occurrence
frequency (FFOF). Fig. 6 shows the FFOF (as average number of events per wet  season) for the 20th
century and for both hydrologic models. The limited extent of ﬂash ﬂood occurrence apparent in the
ﬁgure reﬂects the spatial extent of precipitation (generated in the mountain and foothill regions, as
noted in Section 3.1). Higher FFOF values are found in the regions near Santa Barbara, north of Los
Angeles, and although with lower magnitude in the southern mountains, east of San Diego (see Fig. 1
for city locations). There is a lower limit for the FFOF values presented of 0.03 (1 event in 30 years).
For the 20th century, the range of FFOF values over the set of basins is 0.06 to 5.2 events per wet
season for the FFSM model. For the SAC-SMA model, the peak value reaches only 2.3 events per wet
season, and there are fewer watersheds with FFOF exceeding the minimum threshold. This difference
is suggestive of the sensitivity of the computed FFOF values to the given hydrologic model, and possibly
its calibration, since these models used a priori parameters with regional adjustments.
The ﬂash ﬂood occurrence frequencies found differ from the generally cited return period of 1.5–3
years expected for bankfull discharge as given in classic geomorphologic theory (e.g., Leopold et al.,
1964). Some are higher (5 events per year) and some are lower (1 event in 30 years). This may  result
due to uncertainties in: (a) the estimation of precipitation (dynamically downscaled and limited to
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Fig. 4. Comparison of late 20th and 21st century mean precipitation and temperature from CMIP5 climate models for grid node
off  the southern California coast. The CCSM4 model mean values are highlighted by the open symbol.
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Fig. 5. Comparison of the frequency distributions of CCSM3 input conditions between the 20th and 21st centuries for the grid
node  to the southwest (offshore) of southern California.
topographically forced); (b) the estimates of channel cross-sectional geometry from a single regional
relationship (may over- or under-estimate the dimension for a given watershed); and (c) the use of the
3-h rainfall duration (which may  underestimate the frequency of events if the watershed response is
less than 3 h). Several studies have noted uncertainties and variability in the estimation of the return
period of bankfull discharge (e.g., Johnson and Heil, 1996; Petit and Pauquet, 1997; Castro and Jackson,
2001). Williams (1978) found return periods of greater than 10 years. Given the known uncertainties,
we focus on the changes in estimated ﬂash ﬂood frequency rather than on the absolute magnitude of
the frequencies for each century.
To compare the ﬂash ﬂood occurrence frequency between the 20th and 21st century, the FFOF
values for each watershed meeting the minimum threshold were plotted in Fig. 7 in the form of
quantile–quantile plots. The plots show the decile FFOF values for the 20th (x-axis) and the 21st (y-
axis) centuries. The black dashed line is the best ﬁt for the 25th to 75th quantiles and it is projected
for the lower and higher quantiles. The plots for both models show that the frequency of ﬂash ﬂood
events is projected to be higher for the 21st than the 20th century. It is also clear that the less frequent
occurrence deciles show higher relative increases in the 21st century than the higher deciles. For the
FFSM model the lower deciles (less frequent FFO) increase by an average rate of 50% while the higher
deciles (more frequent FFO) increase by an average rate of 30%. For the SAC-SMA model, the analogous
increases are 100% and 48% on average.
In the analysis, the monthly climatological evapotranspiration demand (ETD) values were held the
same in the 20th and the 21st century simulations. Given the projected increase in temperature for
the 21st century under the climate change scenario (from Fig. 3, an increase of ∼2 ◦C in mean annual
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Fig. 6. Spatial distribution of the wet season ﬂash ﬂood occurrence frequency for the period 1970–1999 for the (a) FFSM and
(b)  SAC-SMA distributed hydrologic models.
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Fig. 7. Comparison of the quantiles of ﬂash ﬂood occurrence frequency for individual watersheds for the 20th and 21st centuries
as  computed by (a) the FFSM or (b) SAC-SMA models.
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Fig. 8. Comparison of the quantiles of ﬂash ﬂood occurrence frequency for individual watersheds for the 20th and 21st centuries
as  computed by the FFSM model including a 20% increase in ETD for the 21st century.
temperature for the CCSM3 model), one may  expect changes in the evapotranspiration. In a limited
sensitivity analysis, we  incorporated a change in the 21st century evapotranspiration demand and
repeated the ﬂash ﬂood occurrence simulation for the 21st century. As a rough estimate of potential
changes in ETD, we considered this change to be analogous to changes in vapor pressure. Following
the parameterization of latent heat ﬂux given in Georgakakos et al. (2012; Appendix B), an expression
for the atmospheric vapor pressure at a reference level is given by:
e = 10
(
11.40− 2353T
)
RH (2)
where T is the air temperature and RH is the relative humidity. Considering only the change in mean
temperature, and using the monthly mean temperature from August with a change from approxi-
mately 22 ◦C in the 20th century to approximately 25 ◦C in the 21st century (see Fig. 2), there is a 20%
increase in vapor pressure. This increase in vapor pressure may  be a high estimate given the use of
the month of highest temperature and a constant relative humidity. Lower estimates of the change in
vapor pressure are found in cooler months. Following this change, we  imposed a 20% increase in the
monthly climatological ETD values in the 21st century sensitivity run. Even with this extreme increase
in evapotranspiration demand, the results again show an increase in ﬂash ﬂood occurrence frequency
during the 21st century, as illustrated in the quantile–quantile plot of Fig. 8 for the FFSM model. The
increase in FFOF is reduced from the results of Fig. 7, but with an average increase of about 30% for
the basins with less frequent events (low deciles) and approximately 10% for the higher deciles.
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6. Causes of projected change
The increase in the occurrence of ﬂash ﬂood events for the 21st century under the A1B climate
change scenario found in the previous section leads to the question: What are the main causes of
this difference in ﬂash ﬂood occurrence? The modeling approach allows the examination of simulated
precipitation and soil moisture time series for each basin for clues. Fig. 9 presents the watershed
average precipitation and soil moisture in both the upper and lower soil layers during ﬂash ﬂood
events (shown by gray symbols) versus the same quantities but for all periods in the simulation (black
symbols) for the 20th century. This plot includes values for all basins with FFOF greater than the
minimum threshold, and uses the FFSM hydrologic model for illustration. It is immediately apparent
that during the simulated ﬂash ﬂood events, the soil in the upper zone (shallow) soil is very close to
saturation (i.e., gray symbols are >0.95 saturation fraction). The lower zone (deeper) soils show a much
wider range of saturation fraction during ﬂash ﬂood events. The majority of events have lower-zone
soil moisture saturation fraction >0.5, although lower zone soil moisture saturation fraction may  be as
low at 0.25 during ﬂash ﬂood events. The plot also shows that (a) ﬂash ﬂood events may  occur with a
wide range of precipitation forcing (from about 3 to about 30 mm/3  h) and (b) that high precipitation
events do not yield ﬂash ﬂood events even at moderate soil moisture saturation. These ﬁndings are
consistent with those found (not shown) for the 21st century.
Fig. 10 presents the cumulative frequency distributions of soil moisture and basin-average pre-
cipitation for the 20th and 21st centuries during ﬂash ﬂood events. The distribution of soil moisture
saturation for the upper zone is quite similar in the 20th and 21st centuries, as the soil moisture is
limited to a high saturation fraction during ﬂash ﬂood events. Considering the lower range of upper
zone soil moisture saturation during ﬂash ﬂood events (e.g., between 0.96 and 0.97), the frequency
distribution shows that there are ﬂash ﬂood events at lower upper zone soil moisture saturation frac-
tions during the 21st century. The frequency distribution of soil moisture saturation fraction for the
lower soil layer shows a reduction during the 21st century for ﬂash ﬂood events and for saturation
fraction between 0.7 and 0.9, again indicating the occurrence of ﬂash ﬂood events at lower soil mois-
ture saturation fraction in the lower zone during the 21st century. The distributions of precipitation
also show differences for higher cumulative frequency (>0.8), with a shift toward higher precipitation
rates during the 21st century.
Flash ﬂood events occur in southern California when the upper soil is near saturation but may
occur over a range of precipitation rates and moderate to high lower zone soil moisture saturation. As
compared to the 20th century, we ﬁnd somewhat lower soil moisture saturation in the lower zone,
and higher precipitation rates during 21st century ﬂash ﬂood events. These results suggest that for
the 21st century, the additional precipitation during ﬂash ﬂood events contributes to surface runoff
rather than to percolation and replenishment of lower zone soil moisture.
For a broader perspective, we considered general differences in soil moisture and precipitation as
simulated for the 20th and 21st centuries (i.e., not conditioned on ﬂash ﬂood occurrence). In this analysis,
we considered all basins meeting the minimum ﬂash ﬂood occurrence frequency threshold (i.e., the
same basins as in the previous analysis), but for all periods when precipitation exceeded 1 mm/3-h
during the wet season. Fig. 11 presents the cumulative frequency distributions for the upper and lower
soil zones for the 20th and 21st centuries meeting these criteria. In both layers, an increase in the soil
moisture saturation fraction is seen, indicating generally higher saturation fractions in soils for the
21st century under the given climate change scenario. This indicates that there is adequate percolation
during the 21st century to increase the entire soil moisture saturation proﬁle. This is important because
it creates wetter proﬁles at the onset of ﬂash ﬂood events.
For precipitation, in addition to considering all hours with precipitation exceeding the minimum
threshold of 1 mm/3-h, we deﬁned and examined characteristics of precipitation events.  Precip-
itation events were deﬁned for each watershed as continuous hours of precipitation exceeding
1 mm/3-h, with a minimum period between events of 18-h. If precipitation stopped and resumed
within 18 h, the second period of rainfall was combining with the initial rainfall, and all precipitat-
ing hours were considered part of the single precipitation event. It is noted that some sensitivity
runs were made with respect to this minimum period between events before selecting 18-h. For
each precipitation event (and all watersheds), several event characteristics were determined: (a)
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Fig. 9. Precipitation and soil moisture saturation for ﬂash ﬂood basins in southern California during the 20th century simulation
(1)  for all dates (black symbols) and (2) during ﬂash ﬂood events (gray symbols).
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Fig. 10. Cumulative frequency distributions for (a) upper zone soil moisture saturation fraction, (b) lower zone soil moisture sat-
uration fraction and (c) watershed average precipitation during ﬂash ﬂood events for the 20th (solid line) and 21st (dashed line)
centuries. This includes values during ﬂash ﬂood events for those watersheds exceeding the minimum ﬂash ﬂood occurrence
frequency threshold.
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Fig. 11. Cumulative frequency distributions of (a) upper and (b) lower soil layer soil moisture saturation fraction for 20th (solid
line)  and 21st (dashed line) centuries for all dates with precipitation >1 mm/3-h.
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Fig. 12. Cumulative frequency distributions of precipitation event characteristics for southern California: (a) event average
precipitation, (b) event maximum precipitation rate, (c) event duration, and (d) event inter-arrival time for 20th (solid line)
and  21st (dashed line) centuries.
the event average precipitation rate; (b) the maximum precipitation rate during the event; (c) the
event duration (number of hours of precipitation), and (d) the event inter-arrival time (period in
hours between precipitation events). The frequency distributions of these event characteristics are
presented in Fig. 12 for the two  simulation periods. Both the event average precipitation and the
maximum precipitation increase during the 21st century over a range of frequency values. How-
ever, the total number of events, indicated on the ﬁgure as the sum over the respective simulation
periods and over the ﬂash ﬂood basins (N20, N21 in Fig. 12a), indicates a decrease in the number
of events during the 21st century. Correspondingly, the precipitation event duration also shows an
increase (longer precipitation events), as well as an increase in the inter-arrival time (longer period
between events). These factors of fewer precipitation events with longer inter-arrival period at ﬁrst
glance may  lead to fewer expected ﬂash ﬂood events. However, such precipitation events as sim-
ulated in this study are more hazardous as they are more intense, last longer with higher average
and maximum precipitation rates, and are occurring with higher initial soil moisture proﬁles (e.g.,
Fig. 11).
7. Conclusions
The paper describes the use of an integrated methodology to examine changes in ﬂash ﬂood occur-
rence frequency in southern California under projected changes in climate due to anthropogenic
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inﬂuences at the relatively high spatial resolution of 30 km2. This appears to be the ﬁrst such study to
quantify potential changes in ﬂash ﬂood occurrence under climatic change. The application utilizes the
three-dimensional output of the CCSM3 climate model (temperature, pressure, humidity and winds)
to drive a high resolution orographically-forced atmospheric model for precipitation generation over
southern California. Two 30-year periods are considered from the historical/control run (1970–1999)
and from the A1B moderate future emissions climate change scenario (2070–2099). A comparison of
the CCSM-generated monthly output of precipitation and temperature for these periods with other
climate model output shows that the CCSM model projected changes for southern California fall in
the middle among CMIP3 and CMIP5 climate models in terms of precipitation projections, and in the
middle-to-upper range in terms of temperature predictions.
The comparison of the frequency of simulated ﬂash ﬂood occurrences for the 20th and 21st cen-
turies indicated an increase during the 21st century for watersheds meeting a minimum frequency
threshold of 1 event in 30 years. The increase is higher for basins with lower frequency of occurrence
of ﬂash ﬂooding. These results are qualitatively similar for the two different soil water models used
in this study, indicating a signal that is stronger than parametric and structural model differences.
Analysis of soil moisture and precipitation during signiﬁcant precipitation events suggests a general
increase in soil moisture and increases in precipitation magnitude and duration during the 21st cen-
tury. Although fewer precipitation events were simulated for the 21st century under the given climate
change scenario, the combination of increased rainfall intensity and duration, and higher soil moisture
at the onset of precipitation events, suggests more hazardous ﬂash-ﬂood producing conditions. These
conditions also result in excessive production of surface runoff during the ﬂash ﬂood event, reduced
percolation, and a resultant lowering of event-average soil water saturation fraction.
Although the large scale climate model monthly output for CCSM3 may  indicate small changes in
precipitation under the given climate change scenario, the developed integrated modeling approach
allowed us to examine the changes in smaller scale precipitation and hydrologic response for southern
California watersheds. Using this modeling approach, other fruitful extensions of this work include
the examination of the sensitivity of the change in ﬂash ﬂood occurrence frequency to the selection of
the particular climate change model (provided the climate model has appropriate three-dimensional
atmospheric forcing output) or climate change scenario. The modeling approach could also be utilized
to examine the sensitivity of ﬂash ﬂood occurrence to land use changes and/or to model parameteri-
zations of the precipitation and hydrologic models, either in a historical sense given a set of historical
forcing conditions (which could come from global or regional reanalysis data), or for projected future
climate changes.
A proﬁtable next step would also be to further analyze changes in evapotranspiration due to the
changes in surface temperature (a more constitent signal across climate models than changes in pre-
cipitation). This could include a variable change in the evapotranspiration demand. Another interesting
expansion would be to examine not only ﬂash ﬂood occurrence, but projected changes and regional
variations in larger-scale soil moisture for the region.
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